In optimal wind bidding strategy related literatures, it is usually assumed that the full distribution information (for example, the cumulative distribution function or the probability density function) of wind power output is known. In real world applications, however, only very limited distribution information can be obtained. Therefore, the "optimal bidding strategy" obtained based on the hypothetical distribution may be far away from the true optimal one. In this paper, an optimal bidding strategy is obtained based on the minimax regret criterion. The salient feature of the new approach is that it requires only partial information of wind power distribution, for example, the expectation and the support set. Numerical test is then performed and the results suggest that the method established in this paper is effective.
Introduction
Regarded as one of the most promising renewable resources, wind power is gaining importance in the power networks, and the proportion of wind power is also steadily increasing in the electricity markets in recent years. However, due to the intermittency and unpredictability of wind power generation, the realistic wind power delivery amount is usually not equal to the bidding results determined in the day-ahead market. The wind power producer must pay the so called imbalance costs. Therefore, wind power producers are willing to adopt the optimal bidding strategies which take two factors into consideration, i.e., both profit and imbalance cost. As a result, wind power producers are striving to achieve maximum expected profit in day-ahead market. Although by using the wind power forecast results, wind producers can reduce the imbalance costs to some extent, high volatility of wind power makes the accuracy of long-term and even short-term forecast is much lower than that of the * The research was supported in part by the National Natural Science Foundation (61174146, 61221063), the Foundation for Authors of National Outstanding Doctoral Dissertation (201047). traditional load forecast, especially when the forecast horizon is extended [1, 2] .
Many approaches on optimal wind bidding strategies have been published in recent years. An optimal wind bidding strategy problem involving the existence of imbalance penalty and allowed imbalance band is considered in [3] , with analytical solutions provided under normal and Rayleigh distribution of wind power. A Cournot model is employed in [4] to study the bidding strategies where the forecasting error is assumed to follow the normal distribution and the effects of forecasting error on the bidding results are also discussed in [5] . In [6] [7] , the realistic power outputs of the wind farm and the spot market prices are considered as independent random variables with known probability density functions to maximize the market participant revenue. It is found that the optimal bidding problems considered in the aforementioned approaches are all assumed to have full knowledge of the wind power probability distribution, and the problem formulations are essentially equivalent to the well-known newsvendor problem [8] . However, in practice, since the randomness and volatility of the wind power generation in real-time, it is often difficult to accurately characterize the wind power distribution, especially with little historical data or when different forecasts methods are used. On the other hand, it is much easier to obtain partial information of wind power distribution such as the range of wind power output (the support of the related random variable).
Although the optimal wind bidding problems under the circumstance of lacking of distribution information of wind power are not fully discussed in literature, many different approaches [9] [10] [11] [12] , such as the maximin criterion, the minimax regret criterion and entropy maximization have been applied to the distribution-free newsvendor problem. Based on the mathematical equivalence of the two problems, some methods for solving the newsvendor problem may be suitable for the wind bidding problems. The minimax regret criterion is thus adopted in this paper to find an optimal and robust bidding strategy. The only distribution information required by the method is the expectation and support of the wind power output.
The contents of the paper are as follows. Section 2 provides an optimal bidding problem considering imbalance price mechanism and formulates it as a maximum expected profit model. An optimal bidding strategy based on the minimax regret criterion with partial distribution information of wind power is discussed in Section 3. The effectiveness and robustness of using this strategy are discussed based on a case study with the hypothesis that the wind power actually follows two commonly used distributions, and the results are stated in Section 4. The conclusion is then given in Section 5.
Problem Formulation
In this paper, we follow the imbalance price mechanism model of the Nordic power market as described in [13] . The spot price, the imbalance price for overproduction (positive imbalance) and underproduction (negative imbalance) are all settled hourly, which can be derived from historical data. Although different imbalance price models depend on different market regulation rules, there exists a reasonable relation among the price for overproduction ( sell t λ ), the price for underproduction ( buy t λ ), and the spot price ( s t λ ). It can be expressed by the following inequality.
A Basic Formulation
The optimal bidding problem is to maximize the expected profit for the wind power producer trading in the day-ahead market. The complete day-ahead bidding scheme can be solved individually with 24-hour forecast data, and as a consequence, the bidding problem can be formulated hourly and expressed as follows,
where p t is the quantity that the wind power producer bids in the day-ahead market for period t, t w represents the actual generation over the same time period, and max W is the upper bound of the wind power output (may be less than the installed capacity of the wind farm).
However, the problem aforementioned cannot be solved directly since it includes a random variable t w which cannot be obtained in day-ahead. Thus, it's necessary to change it into a deterministic one.
Maximum Expected Profit Model
To deal with random variable t w in the basic formulation, a possible way is to use its expected value instead, which can be derived from a certain prediction model. Let 
According to the above description (Equations (2)- (4) 
So far, the original bidding problem has changed into a deterministic problem when ( ) t F w and other parameters are given. To maximize the expected profit of the wind producer, the expected value model can be established as follows, ( ) 
subject to
Note that this is a concave maximization problem, and solution which satisfies constraint (8) will be the global optimal value.
Additionally, if the wind power producer obtains the full knowledge of the possibilities of wind power distribution, the problem formulated can be regarded as the newsvendor model with the optimal bidding quantity easily solved from the equation
. However, since the randomness and volatility of the wind power generation in real-time, the actual distribution of the wind power is not necessarily known. On the other hand, it is much easier to estimate the expectation and the support of t w based on historical data. Thus, the urgent task is to propose a stochastically robust method solving the optimal bidding problem with such limited distribution information of wind power.
Optimal Bidding Strategy Based on the Minimax Regret Criterion with Limited Information of Wind Power Distribution
In what follows, the minimax regret criterion is adopted to solve the optimal bidding problem under uncertainty of wind power distribution. Supposing only the expectation t µ and range [ ] , t t w w of wind power output can be obtained, an optimal bidding strategy is then derived and proved in this section.
Optimal Bidding Problem with the Minimax Regret Criterion
In absence of some information on the exact wind power distribution, the bidding quantity in the day-ahead market is usually regarded as unable to determine. Aiming at solving problem under this situation, we propose a methodology on the basis of the minimax regret criterion.
As described in [12] , the core idea of the minimax regret criterion is to minimize the wind power producer's maximum profit loss from not making the optimal decision. Using this approach, problem in Equation (7) and (8) with this criterion can be reformulated as follows, 
where 
can be regarded as the maximum possible loss in profit of the wind power producer when the exact wind power distribution is unknown. Additionally, the target of the inner problem
in Equation (9) is to find the distribution that maximized the regret for given t p and t p  .
Optimal Bidding Strategy Based on the Minimax Regret Criterion with Expectation and Support
Suppose the only information of the wind power distribution that can be obtained is the expectation and the support, based on the minimax regret criterion under this condition, [12] provides an optimal bidding strategy which can be adopted directly to solve the problem presented in this paper, and the optimal bidding strategy can be described as follows. 
If the distribution of wind power is nonnegative, with support [ ]

Case Study
The optimal bidding strategy proposed in Section 3 shows a straightforward result of bidding problem with partial information of wind power distribution. In this section, we first provide the illustrative results for a complete day-ahead bidding scheme based on the minimax regret criterion and then compare the profit from our approach with that based on two true distributions that the wind power is assumed to follow in practice.
Data
A wind power plant is considered in this study and its installed capacity is 200MW. Looking at the 24-hour bidding scheme, the expectations of the day-ahead hourly wind power forecast can be obtained from [15] . Although the real distribution of wind power is not necessarily known, two commonly used distributions including normal distribution and uniform distribution are supposed to be followed by the real output of plant. And we select 10% of the expectations as standard deviations ( t δ ) under normal distribution to calculate the variation ranges which guarantee that wind power fluctuates within the installed capacity in real time. Then the support of distribution can be calculated according to 3.09 
Results
Based on the data described above, the optimal bidding quantity under the minimax regret criterion, according to (10) , can be calculated hourly by assessing conditions involving both of the prices and the limited information of wind power distribution. In order to investigate the effectiveness of the proposed bidding strategy, one possible way is to calculate the profit loss under a certain distribution of wind power from not making the optimal solutions. That is to make a comparison between the expected profits obtained with the proposed strategy (
) and the optimal profits with full knowledge of the wind power distribution (
Comparisons including the expected profits, the profit losses and the profit loss ratios along the whole period are displayed in Table 1 . It can be seen there that the optimal profits with full knowledge of wind power distribution are larger than the expected profits obtained with the proposed strategy. Profit losses and the ratios are defined as:
Results in Table 1 show that, despite the lack of information of wind power distribution, the expected profit with proposed bidding strategy in Section 3 is very close to the maximum expected profit when gaining full knowledge of the distribution. Although only two commonly used distributions are introduced to act as the real wind power distribution, the results, to a great extent, indicate the effectiveness of this bidding strategy. Ratios of the hourly profit loss under the above two wind power distributions are also plotted in Figure 1 , which illustrates the superiority of the bidding strategy under the uncertainty of wind power distribution in every trading hour.
Conclusion
This paper discusses the wind power bidding problem in day-ahead electricity market with limited distribution information of wind power. The optimal bidding problem is formulated into the expected profit. Suppose the expectation and variation range of wind power are the partial distribution information that can be predicted accurately, an optimal bidding strategy is adopted by applying the minimax regret criteria. Results from the model and case study reveal it a promising strategy. 
